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HIGH TEMPERATURE THERMOCHEMICAL HYDROGEN
CYCLES FOR SOLAR HEAT SOURCES

Melvin G. Bowman

I.  INTRODUCTION

The utilization of solar thermal systems for the production of fuels
is an attractive concept that merits a comprehensive program to achieve cconomic
practicality. It is quite clear, however, that solar concentrato~ systems will
continue to be intermittant heat sources with high capital costs. Consequently,
practical utilization of high temperature solar heat will require systems and
processes that exhibit high conversion efficiencies and that also incorporate
energy storage. Since hydrogen fulfills the requirement for energy storage, is
itself an attractive transportable fuel and is the "prime intermediate” in the
production of many fuels and chemicals, significant effort should be directed to
the development of hydrogen production processes that interface with high tempera-
ture solar systems to give efficient heat utilizacion.

The advantages of hydrogen have been widely recognized. Methods for more
efficient hydrogen production are the busis for one of the cooperative rescarch
and development programs under the International Energy Agency. The electrolysis
of water is well known and two of the T1.E,A. Annexes are directed toward the
development of more efficient and less costly electrolysis processes. One of the
Annexes 1s concerned with improving the electrolysis of acidic and basic solutions
at relatively low temperature. The second is concerned with the high temperature
electrolysis of steam where stabilized zirconia serves as a solid electrolyte
(ref. 1), This material exhibits fair ¢inductivity for oxygen ions and adequately
low conductivity for electrons at temperatures of about 1500K. However, cefficiencies
for electrolytic hydrogen production will be 1imited by efficiencies for producing
electricity and adaptation of existing power production methods to solai heat
sources would not bhe expected Lo result in high effictencies.  Therefore, the
development of high technology processes for efficient D.C. power production
(perhaps MHD or thermionic diode systems) may be necessary before electrolysis

processes can be coupled to solar heat sources 1n a realistic way.
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One of the important I.E.A. Annexes for hydrogen production {s concerned
with coupling thermochemical and hybrid thermochemical water splitting cycles
to primary hLeat sources. This [.E.A. activity reflects the wide recognition that
thermochemical cycles offer the promise of high efficiency for the utilization
of high temperature process heat to decompose water. The potential advantages
of such processes have been described several times in glowing terms and literally
hundreds of cycles have beer conceived and published. For example 3amberger and
Richardson have made non-critical tabulations of 201 cycles published up to 1977
(ref. 2 & 3). Of course, many cyrles were not included. Unfortunately, many of
these cycles are thermochemically invalid and only a few of the well conceived
cycles have survived experimental testing and preliminary evaluation. As a result,
negative opinions ... chermochemical cycles have been generzted and the more recent
results basec on sound programs are frequently overlooked. Nevertheless, sig-
nificant progress is being made and this is due in part to the cooperative,
information exchange activities within the framework of the i.E.A. It is relevant
to note that the development of thermochemical cycles for solar heat sources has been
identified recently as one of the areas for cooperation under the I.E.A. agreencnt
on hydrogen proauction. One important activity will be the re-examination of
present processes in terms of their suitability for solar heat sources.

The purpose of this paper is to define some of the criteria required for
cycies to couple efficiently with solar heat sources, to examine some of the
exparimentally validated cycles that have been developed ovcr the years in terms
of these criteria and to examine potential cycles that are beinu considerced for
the higher temperatures potentially available from solar concentrators.

[I. CRITERIA FOR IDEAL CYCLES

One method for defining thermodynamic crileria for efficient cycles, in
tevms of "ideal" enthalpies and entropies has been presented several times beginning
in 1974 (ref, 4). It is presented again here as background for the selection of
thermochemica’ cycles for solar heat sources.

Con ider a two-step (single temperature cycle) process in which a reactant
(R) reduces water at a low temperature (Tl) to evelve hydrogen and form the
compeund RV (R may also be an oxide), followed by thermal decomposition of RO
at. high Lemperature (Tz) with the c¢volution of oxygen. The reactions can be
writtoen as:



II-1. R+ H20-+R0 + H2 at T1

II-2. RO-R + 1/2 02 at T2

If an ideal cycle is considered to be one in which AG% = 0 for all reactions,
and 1f one utilizes the approximation

262 = A

T - T

o 2r 0
2589 “9298

"ideal" values for entropies and heats of formation (from R + 1/2 02) of the
compound RO are approximately defined by the expressions:

AGC (H,0) : at T
na n 0 F 2 1

"ideal" AH,? AS? x T

2
where AGOF (HZO) 1s the free energy of formation of water at T1 (the low
temperature)., To illustrate, if we assume T1 = 400 K (where AG:_E(HZO) = 224 kJ),

and assume different temperatures for T2' the correspondiny parameters computed
for RO are those given in Table I,

TABLE I
.0 0
T2 ) -ASp (RO) _ -AMC {rRO)
1200 280 /K 336 kJ
1500 204 300
2000 140 2180

2500 107 264
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Since entropies of for~mation of oxides (per oxygen atom) are character-
istically near -100 J/K, it 1s clear that very high temperatures will be required
for two-step oxide cycles. This observation is the basis for published statements
that two-step cycles are not feasible. Actually, two-step cycles are possible, in
principle, even for relatively 'ow maximum temperatures if one can identify usable
reactions with the necessary large eatropy changes. It should be emphasized that
the entropy changes 1istedyn Table I are minimum absolute values for the indicated
temperatures. Reactions such as II-1, cannot be expected to occur at a reasonable
rate unless the free energy chénge 1s negative by a significant amount. Tharefore,
the Tow Lemperature reaction (or reactions) will be more exothermic than reaction
[I-1 and the high temperature reaction or reactions will be more endothermic than
indicated by redciion ii-2,

III. PROCESS DEVELCPMENT OVFRVIEW

As indicated above, many of the large numbers of cycles proposed in the
literature are not thermochemically valid. Many of those based on sounc thermo-
chemistry have been found to e..hibit slow reactions. Thus, it 1s not surprising
that most of the cycles given serious developmental efforts were not originally
identified by application of the criteria described above. However, the criteria
can be used to determine whether some of the cycles that have been demonstrated
experimentally are suitable for adaptation to solar heat sources. Several of the
cycles described below have been abandoned. Usually, this results from the discovary
of weakiesses in process chemistry., This has also been of value in the development
of thermochemical hydrogen technology by identifying process features that should
be avoided in the selection of cycles.

[II-A. Oxide-Sulfate Cycles. These conceptual cycles were based on attenpts
at LASL to use thc criteria .escribed above to identify cycles with a minimum number
of reaction steps and maximum temperatures below 1300K. Since As® values for de-
compusition reactions increase with the number of gaseous molecu'. = evolved, our
early studies were directed toward cycles involving the decomposition of sulfates
(ref. 4). The concept can be 11luscrated by the following equacions:

[I1-A-1, MO + SO? » MSOJ (Tw temp.)

ITT1-A-2.  MSO4 + 11,0 - MSO, + N, (Tow temp,)

[11-A-3. M50, - MO+ 50, + 0.5 0, (high tomp,)

4
Typical 289 ~275-290 J/K
Fits AT of 6967 for two=stoep H?O decomposition



As indicated, the typical as® for the decomposition of a sulvate to an oxide
Plus sulfur dioxide and oxygen is sufficiently large for a two-step cycle with
a temperature difference of 800° between low temperature and high temperature
reactions.

It shculd be noted that reactions III-A-1 and I11-A-2 do not represent
equilibrium chemistry. For equilibrium at low temperature the sulfite should
undergo one of the following reactions.

III-A-4, MO + SO2 -+ 0.75 MSO, + 0.25 MS

III-A-5, MO + 1,5 SO

4

2 * MSO4 +0.55

Further, if hydrogen were evolved in reaction 1II-A-2, 1t could reduce the metal
sulfate according to the equation:

ITT-A-6. MSO3 + 3H, + MS + 3H,0,

2 2

However, most sulfites form and decompose without evidence uf the equilibrium
reactions. Thus, we were encouraged to attempt to promote reaction III-A-2 1in

many different sulfate systems representing a wide range of stability. Our results
have never included significant hydrogen yields. 1In most cases, the equilibrium
reactions were also not observed.

As a variation of sulfate cycles we also studied cycles based on the formation
and decomposition of sulfuric acid (ref. 4.). Several reactions to form sulfuric
acid solutions were promoted successfully. Such cycles .'re currently receiving the
major fraction of the worldwide development effort committed to thermochemical
hydrogen processes. They will not be described here except to note that the uverall
deconpositiun includes a solution concontration step, an evaporation step to form
stoa(g). a decomposition step to form HZO(g) plus 503(9) and the decomposition cof
803 to form SOZ plus 0.5 02. Since homogeneous decnmposition reactions occur over
significant ranges of temnerature, the overall process requires heat over a wide
temperature range with the maximum temperature dependent on the pressure of the
systom,  Thus, sulfuric acid cycles are compatible with the heat delivery character-
istics of gas-cooled reactors. Indeed they were developed for this type of heat source.
However, if sulfuric acid cycles are coupled to <olar heat sources, the unique
features of such heao sources (higher temperatures and the availabilicy of isothermal
heat) will be compromised and potential higher efficienctes will be lost.
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Since solar heat sources are compatible with isothermal, endothermic processes
such as the decomposition of a solid, our interest in oxide-sulfate cycles has been
renewed. Recent results will be presented below.

I1I-B., Halide Hydrolysis Cycles: For several years most of the process
development effort on tnermochemical cycles was devoted to the iron chloride cycle.
Several different laboratories appeared to ciaim the origin of the cycle. In recent
years, the weaknesses of the cycle have become evident and it 1s receiving little
attention at this time. The effort devoted to the cycle was useful, however, since
it identified general features of process chemistry that should be avoided in selecting
cycles fcr practical development. The Institute for Gas Technology version of the
cycle (ref. 5) may be described by tke .0llowing equations.

111-B-1. 3FeC'|2 + 4H20 + Fe304 + 6HCT + Hy (~ 1200 K)
-B- { -

111-B-2. Fe304 + 8HC1 ~» ?FeC13 + FeC]2 + 4H20 7400-600 K)

I11-B-3, 2FeC'I3 - 2FeC'|2 + C12 (500-700K)

I11-B-4. C12+ H20 + 2HC1 + 1/2 02 (900-1200 K)

With respect to the criteria described in Section II, the cycle is not
attrac:ive., The AS for reaction III-B-1 is about 315 J/K. This is larger than
the idr:al value required for a 1200 K cycie (see Table 1), but the yield for the
reaction is low which implies that AH for the reaction is much larger than the
ideal value. In addition, reactions III-B-3 and III-B-4 are endothermic with
positive entropy changes. Reaction I[I-B-3 must be conducted as a cyclic decom-
position with low yleld in each cycle. Finally, the hydrogen from reaction III-B-1
is mixed with hydrogen chloride and th2 necessary Scparation step requires additiounal
expenditure of erergy. Thew: is iittle chance that the cycle will be useful for a
solar heat source.

A alternate halide-nydrolysis cycle (the cerium chloride ¢ycle) was studied
av LASL for a peri ¢ time. It may be written as follows.

I11-B-5. 2Ce0C1 + 21,0 » 2Ce0, + 2HCT + Hz {~ 1250 K)

2 2
[[1-B~6. 2Ce0, + HBHC1 - 2(;uc13 + 4n20 + Cl ( ~500 K)

2 2
111-8-7. 2C0C13 1 ZH?U » 2CcOCT + 41CY  (B00-900 K)

It o8-8, C1, + H,0 » 2HCT + 1/2 0 (900-1000 K)

2 ¢ 2
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This cycle does not contain a reaction equivalent to the difficult FeC]3
decomposition (reaction II-B-3) in the iron chloride cycle. However, it in-
cludes the remainder of disadvantages cited. Consequently, in an effort to
avoid the difficulties associated with reaction III-B-5, the LASL Cerium-
Chloride-Carbonate cycle was conceived. It consists of the following reactions:

I11-B-9, C]z + H20 + 2HC1 + 1/2 02
I11-B-10. 2Ce0, + 8HC1 -+ 2CeCl, + 4H,0 + CI

2 3 2 2
I1I-B-11. 3CeC13 + 3H20 + 3Ce0C1 + 6HCI
II11-5-12. 3Ce0C1 + 3CO2 - Cez(Coa)3 + CeCl3 (solution)
IIl-B-13. Cez(C03)3 + H20 > 2Ce02 + 3C02 + H2

or, as an alternate, a dry decomposition,

I111-B-14. Cez(C03)3 + CeO2 + ZCO2 + H2.
Good yields have been demonstrated at temperatures below 1000K for all the reactions

in the chloride-carbonate cycle. The possibility of splitting either water or

carbon dioxide is also an intriguing reality. Nevertheless, the carbonate decom-
position reactions (III-B-13 and 111-B-14) exhivit entropy changes much greater

than the AS values indicated in Table I for a 1000K cycle. In addition, reactions
I11-B-9 and III-B-11 are endothermic with positive AS values. Finally, the

necessity for the removal of CeC13 from solution is a very unattractive feature of

the cycle.

In retrospect 1t seems clear that undue effort was devoted to halide cycles.
However, the lessons learned with respect tc difficult separation and solution
drying steps can be valuable in developing the technology base that will be necessary
for practical systems. Of course, new halide cycles that incorporate practical
solutions to the above problems could still prove to be attractive.

ITI-C.  Alternate Cyclcs.  There are now several thermochemical cycles that have
been fully validated by experimental studies. Some of these cycles are based on
innovative concepts with unique reactions for the hydrogen and/or oxygen evolution
steps. They include cycles from Argonne National Laboratory (ref. 6), Oak Ridge
National Laboratory (ref. 7-3), Lawrence Livermore Laboratory (ref. 9) as well as
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laboratories in Europe and Japan. Nearly all of the cycles were developed (at
least tacitly) for gas cooled reactors as the heat source. Essentially all of
the cycles include solution concentration and drying steps. Except for the
possibility that low-temperature solar heat might be economic for such drying
steps, the cycles as they now exist do not appear to ve advantagevus for adapt-
tation to solar heat sources.

IV, HIAH TEMPERATURE CYCLES

The high equilibrium temperatures calculated for solar furnaces have
prompted several proposals tor processes that require temperatures near the
computed maximum, It is obvious, of course, that efficiencies for heat utilization
at such temperatures will be low because of back radiation from the target. Since
hydrogen is of relatively low value, production processes should exhibit high
efficiency. Therefore, very high temperature processes must be examined with
care before they are assumed to be suitable for solar heat sources.

IV-A.  Direct Decomposition of H20 and CO2
Many proposals have been made for the use of solar heat for the direct

decomposition of H20(g). Temperatures required for any reasonable yield in the
decomposition reaction are certainly at, or higher, than any credible maximum
for a practical centra’ receiver facility. Most of the proposals do not recognize
the back-radiation prcblem although ingenious systems for 1ight trapping have also
been proposed. Flet her and Moen have reccgnized the necessity of separating the
H2 and 02 at temperature in order to avoid the extremely rapid back reaction as the
gases are coosled, They have proposed a separation based on the difference in
effusion rates through a ceramic membrane or guuze (ref. 10). However, for
temperature limitations imposed by materials properties as well as radiation losses,
decomposition yields are low (even for the proposed iow pressures) and rcalistic
assessments indicate efficiencies for heat utilization are too low for practicality.

The direct thermal decomposition of CO2 may be better for a very high tempera-

ture process than water decomposition. Certainly, for similar temperatures and
pressures, decomposition ylelds are significantly higher, The dry gases could

be quenched to lower temperatures by means of a nozzle expansion without excessive
back reaction of CO and 02. However, in order for this process to be of value, a
practical method for separating CO and 02 at low temperature will be required as
well as a practical method fo~ separating II2 from CO2 after the shift reaction



-9-

(Co + HZO) to produce hydrogen. Further, it seems necessary to dry the CO2 befere
each high temperature step since traces of H20 greatly accelerate the CO + 02
back reaction at high temperatures.

iV-B. Oxide Cycles. In considering the problems of interfacing solar
heat sources with thermcchemical hydrogen processes, it is apparent that a sclar
furnace can deliver heat at a constant temperature near the temperature maximum.
Therefore, cycles involving the high temperature decomposition of a solid (with
gas evolution) are entirely feasible, Such "isothermal" steps can lead to better
efficiencies (for the same maximum temperature) than steps that interface with the
heat delivery characteristics of a gas cooled reactor.

A two-step iron oxide cycle has been proposed several times for use with solar
heat. The cycle may be described by the following reactions:

-19 kJ, As®
-63 kJ, AS®

+24 J/K
-95 J/K

0
AH(zgar with Hzo(z)
with HZO(Q)

IV-B-2. Fe304 + 3Fe0 + 0.5 02

AC.. = +305 kJ, AS® = +139 J/K

0
298
Decomposes to Fe0(1+x) liquid at ~ 2150 K

Reaction IV-B-1 is a known reaction. It is important to note that reaction
IV-B-4 (if written as a solid-solid decomposition reaction), exhibits one of the
largest entropy changes known for this type of reaction. At first glance the cycle
seems promising, but as one should expect, and as Tofighi, et.al. (ref.11) found,
Fe304 melts before it decomposes and oxygun evolution is over a relativeiy narrow
liquid homogeneity ranga, ’

It is unfortunate, perhaps, that Fe304 melts before it decomposes since
suitable substitutes for Fe304 in this type of cycle have not heen 1dentified.

A second type of two-step, oxide cycle includes a solid decomposition reaction
to form two gaseous products rather than a condensed phase and gaseous oxygen. The

concept can be illustrated by the following equations (where M is a metal),
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IV-B-3. M(s) + H20-+ MO + H, (at T])
IV-B-4. MO~ M(g) +1/2 02 (at TZ)

Typical As® ~2C0 -210 J/K
If the typical AS° for reactions represented by equation IV -B-4 is compared with
values listed in Table I, a temperature difference of ~ 1100° 1s implied for this
cycle. However the high temperature endothermic heat requirement (and the value
implied for AS x Tp) includes the sum of the heat of sublimation of the metal plus
-AHof (M0). Since entrupies of vaporization for metals are fairly similar, the
ideal metal for this type of cycle would be one with a low boiiing point (to mini-
mize heat of vaporization) thut would just reduce water at low temperature. Cadmium
and zinc are two candidates frequently mentioned for this type of cycle. Neither is
an ideal candidate although both have relativeiy lov boiling points. Published boil-
ing points and oxide decomposition temperatures are as follows:

Cdo: Td

~ 1750 - 1850 K, BP (Cd) = 1038 K
In0: Td

~ 2300 K, BP (Zn) = 1180 K

From published thermochemical data, reaction IV-B-3 with Cd should not be
expected and, in fact, cdoes not occur. However, in 1976, Fangborn of IGT described
an electrochenical method for promoting the reaction (ref. 12). The proposed cycle
was not dev2loped into an actual process since projected gas cooied reactors (the
"target" heat sources at that time) were not suitable for the high temperature ico-
thermal step, even for the lower CdO decomposition temperatures sometimes repc:ried.

In contrast to the Cd cycle, reaction III- B-3 with Zn is very exothermic.

This difference is reflected in the much higher oxide decomposition temperatures.
Since back reactior between oxygen and gaseous metal atoms must be minimal, the high
decomposition temperature for ZnQ implies a very difficult cycle even {f the high
temperature isothermal heat source is available. Therefore, despite the difficult
low temperature reaction, cadmium appears to be the best candidate for this type of
cycle.

As mentioned above, Pangborn and co-workers have utilized an electochemical
technique to promote the reaction of cadmium with water to form cadmium oxide (via
the hydroxide). At LASL, a "pure" thermochemical cycle is under study that incorpurates
the decomposition of cadmium oxide. It may be described by the following reactions
(ref. 13):
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IV -B-5, Cd + H,0 + CO2 + CdCo4 + H, (Tow temp )

2

1V - B-6. cdco, + Cdo + CO, (~ 575 K)

3
IV - B-7. Cd0 -~ Cd(g) + 1/2 O2 (1600-1800 K)

Iv-8-8. Cd(g) 1400, \cd(z) 295K cd(c)

the low temperature reaction to form the carbonate does take place, but the yield is
limited by the foimation of a protective layer of carbonate on the cadmium metal.
However, encouraging results have been achieved in reactions where NH,C1 1s used as
a catalyst for the reaction. Sufficient heat is available from the céndensation of
cadmium vapor to promote the carbonate decomposition (reaction IV-B-6).
The cadmium oxide based cycles offer the potential for high efficiency, if:
(1) Solar heat can be utilized efficiently for the oxide decomposition step,
(2) The back reaction between cadmium vapor and oxygcn is sufficiently slow,
(3) The low temperature reactions to yield Cd(OH)2 or CdCO; can be conducted
at practical rates and the resultant solid does not absorb or occlude too
much water. ' '

IV-C. Sulfuric Acid - Metal Sulfate Cycles. As described in Section III-A,
unsuccessful attempts have been made to react metal sulfates with water to obtain
metal sulfates and hydrogen. As alternates, three different cycles based on an

overall sequence of reacting SO2 with water to produce sulfuric acid and hydrogen

have been demonstrated and are under development. However, in addition to rather
unsatisfartory methods for achieving the hydrogen evolution step, the cycles in-

volve the formation of sulturic acid in solution (rather than H2504(Q) and require
solution concentration and drying operations. Therefore, if the sulfuric acid solu-
ion is reacted with a metal oxide to form an insoluble metal sulfate, in principle the
sul furic acid concentration step can be eliminated and corrosion problems can be mini-
mizrd since the sulfuric acid vapoization step is avoided and the final decomposition
involves only the solid and dry gases. The application of the concept to the hybrid
sul furic acid cycle is described by the following equations:

Iv-c-1. SG, + ZHZQ - H2504(501) + H, (Electro)

IV-C-2. MO + H,50, M50, + HZO (Tow temp.)

IV-C-3.  MsO, - MO + SO, (high temp.)
Iv-c-4, 50, - 50, + 0.50, (high temp. ),
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For highest efficiencies, the metal sulfate should be insoluble, should not form a
hydrate and should not require excessive heat for its decomsition (i.e., should
decompose - 2ar the SO3 decomposition temperature). Since the overall decompr.sition
wculu pe f_,entially an isothermal step, it would not interface well with an HTGR
heat ource, but could interface with heat from the blanket of a Fusion Reactor and,
of course, would be suitable fuor a solar heat source.

One potential solid sulfate system being studied at LASL involves the formation
and decomposition of bismuth oxysul!fate. The overall cycle includes the reactions
(ref. 14)

IV-C-5. SO2 + ZHZO > sto4 (Sol.) + H2 {electro)

Iv-C-6. H SO4 (Sol) + 31202504 > 8120(504)2 + HZO

2

1v-C-7. Bi20(504)2 + 81202504 + SO? + 0.5 02 ~ 1050 K.

Since reaction IV-C--6 requires only relatively dilute sulfuric acid, it is poscible
that less electrical energy will be required for the electrolysis step (reaction
IV-C-5) than is required for the hybrid sulfuric acid process.

Bismuth was chosen initially for the hybrid sulfuric acid-metal sulfate cycle
for the reasons cited above and also because 1t was necessary to choose a specific
sulfate {with known properties) for a prototype study. However, bismuth is not an
aburdant element and 1s relatively expensive. Therefore, other sul fates might prove
to be adiantageous. even under conditions where the decomposition requires higler
temperature (wnich means a higher heat requirament) with some reduction in potential
efficicncy.

Some of the sulfate decomposition reactions that have been considered for hybrid
sulfuric acid - soiid sulfat~ cycles are listed in Table 17. The overall heat re-
quirement (A:ozgg) for each indicated decomposition rcaction 1s also 1isted. It
should b2 noted that AS™ values for the decomposition reactions are quite similar.
Hence, a higher Aﬁozgﬂ value also impiies a higher decomposition Lemperature,
Houwever, even if the necessary high temperatures were available from solar heat
sources, 1t is unlikely that the first three decomposition recctions (Ba, Ca, & La)
will be suitable for practical cycles (since higher decomposition temperatures mean
lower efficiences) even though the sulfates are very insoluble. 0f course, if the
greator stability of thee sulfates could bo utilized (In some way) to avoid a
sul furic acid formotion step, the resultant processes could be usefu:r for solar heat

Sourcey.,
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SULFATE DECOMPOSITION TO
FORM 802 + 1/2 02

SOLID PHASES M pgp (ka)
1. Baso, - Ba0 585
2. Caso, - Ca0 510
3. 12 Lay(s0,); + 1/3 Lay04 420
4. MgsO, > Mg0 380
5. ZnSO4 + In0 334
6. CusO, * CuO 318
7. 172 La, (50,)y > 1/2 La,0,50, (320 - 340)
8. Bi,0(S0,), > Bi,0,50, 270
9, CaSO4 + MoO3 - CaMoO4 336
10, 1/313,(50,)5 + M0y ~ 1/3 Lay(Mo0,), (290}

The next threc decomnosition reactions (for Mq, Zn & Cu) involve sulfates that
are soluble in dilute sulfuric acid and also form hydrates at temporatures usually
considered for the oxide-sulfuric acid reactions. Consequently, we have considered
them to be less attractive than our other alternatives. Recently, Krikorian and
Hosmer (Ref. 15) havl noted that the solubility of zinc sulfalc decrecases with 1..-
creasing temperature and have proposed a cycice in which the zirc oxide plus sulfuric
acid reaction 1s conducted in an autoclave at temperatures up to 525 K in order to
avoid some of the disadvantages of solulion drying.

The next two decomposilion reations involve only partial decomposition of a
sulfate to form on oxysulfate, Reaclion number 8 relates to our current version of
the bismuth sulfate cycle. The low value for Aanqﬂ 15 very attractive, of course,
and may overshadow the disadvantages tor bismuth mentioned above.  Reaction number 7

iv for the partial decomposition of Tanthanum trisulfate, The A”u:ﬂﬂ value is an

estimate based on Lhe reaction temperature reported by Nathans and Wendlandt (Ref., 16).
since the heat requiy ment (and temperature) for this decompos tt{on anoroximates the
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decompositions of zinc and copper sulfates, and since it is less soluble (at any
temperature), lanthanum sulfate may prove to be better than either zinc or copper.

The last two reactions listed in Tahle II illustrate a concept for utiliza.ion
of displacemant reactions (rather than direct decomposition reactions) for the over-
all decomposition of a solid sulfate. As indicated, the heat requirement (and
reaction temperature) is significantly lower than the cnrresponding direct ducomposi-
tion reaction. Therefore, the concep. seems attractive for cycles involving very
stable sulfates. It may be reported that vr.ry encouraging reaction rates have been
achieved for reactions 9 and 10.
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